In this era of genomics, a huge amount of sequence information is accumulating every day, and the genome content of many species is being uncovered at an extraordinary pace. One of the important challenges in post-genomics research is to understand how the genome is organized into three-dimensional chromatin structure within the cell. It is also important to determine how such structure is remodeled and modified during the duplication, expression and inheritance of the genome. Cytologically, the most striking transformation of chromatin structure is observed during mitosis when the cell partitions its duplicated genome into daughter cells. Upon disassembly of the cell nucleus at the onset of mitosis, an amorphous mass of chromatin is converted into a discrete set of rod-shaped chromosomes in which the two duplicated 'sister' chromatids are juxtaposed along their length. This process, referred to as chromosome assembly or condensation, is an essential prerequisite of the faithful segregation of sister chromatids at the subsequent stage of mitosis (anaphase).
Introduction
In this era of genomics, a huge amount of sequence information is accumulating every day, and the genome content of many species is being uncovered at an extraordinary pace. One of the important challenges in post-genomics research is to understand how the genome is organized into three-dimensional chromatin structure within the cell. It is also important to determine how such structure is remodeled and modified during the duplication, expression and inheritance of the genome. Cytologically, the most striking transformation of chromatin structure is observed during mitosis when the cell partitions its duplicated genome into daughter cells. Upon disassembly of the cell nucleus at the onset of mitosis, an amorphous mass of chromatin is converted into a discrete set of rod-shaped chromosomes in which the two duplicated 'sister' chromatids are juxtaposed along their length. This process, referred to as chromosome assembly or condensation, is an essential prerequisite of the faithful segregation of sister chromatids at the subsequent stage of mitosis (anaphase).
Although the sudden appearance of thread-like chromosomes in early mitosis has fascinated cell biologists for more than 100 years, the molecular players and mechanisms behind this scene have largely remained elusive. During the past decade, however, a substantial body of evidence has accumulated that a class of multiprotein complexes known as condensins is one of the key components that directly regulates chromosome architecture and dynamics. The chief function of condensins is to assemble and segregate chromosomes during mitosis and meiosis, though recent studies suggest that they also play much broader roles in the expression and maintenance of the genome. In this review, I will summarize recent progress in our understanding of the structure and function of condensins, and discuss unresolved problems and future directions in the field.
Subunit Composition and Molecular Architecture of Condensins
The canonical condensin complex, now referred to as condensin I, was originally identified as a major protein component required for the establishment and maintenance of mitotic chromosomes in cell-free extracts of Xenopus laevis eggs [1, 2] . More recently, a second condensin complex, condensin II, has been found in vertebrate cells [3, 4] . Condensins I and II have the same pair of core subunits but distinct sets of regulatory subunits. The two core subunits, CAP-E/SMC2 and CAP-C/SMC4, belong to a large family of chromosomal ATPases known as the 'structural maintenance of chromosomes' (SMC) family. The SMC2-SMC4 heterodimer adopts a V-shaped structure, characteristic of all SMC proteins, with an ATPbinding cassette (ABC) ATPase domain at the distal end of each arm ( Figure 1A,i) [5, 6] . Like other SMC proteins, it is predicted that two ATP molecules are sandwiched between the ATP-binding 'head' domains [7, 8] , and that ATP binding and hydrolysis modulate engagement and disengagement of the head domains, respectively ( Figure 1A ,ii) [9, 10] . How the mechanochemical cycle of the SMC subunits is used to reconfigure DNA and chromatin structure is under active investigation (see below). Note that the SMC heterodimer is a huge molecule: each arm, composed of an anti-parallel coiled coil, is about 50 nm long, a length equivalent to that of 150 base pairs of doublestranded DNA.
The two different condensin complexes are distinguished by their unique sets of non-SMC subunits. Among the three regulatory subunits of each complex, two -CAP-D2 and CAP-G in condensin I, and CAP-D3 and CAP-G2 in condensin II -contain HEAT repeats, a highly degenerate repeat motif implicated in protein-protein interactions [11] . The fifth subunits -CAP-H in condensin I and CAP-H2 in condensin IIbelong to the kleisin family of proteins [12] . The non-SMC subunits of condensin I form a subcomplex that binds to the head domain(s) of the SMC heterodimer ( Figure 1B,i) [6,13] . It has been shown that the non-SMC subunits regulate chromosomal targeting of the SMC dimer in Xenopus egg extracts and modulate its ATPase and DNA-binding activities in vitro [14] . Condensin II is anticipated to have a similar architecture ( Figure 1B,ii) .
Eukaryotic cells have another SMC protein complex, known as cohesin, that plays a central role in sister chromatid cohesion during mitosis and meiosis [15] . The core of the cohesin complex is a heterodimer of SMC1 and SMC3, and one of the two regulatory subunits (Scc1) belongs to the kleisin family. Despite their similar subunit composition, the cohesin and condensin complexes display different arm conformations, as judged by electron microscopy, which may contribute to their specialized cellular and biochemical functions [6] .
Phylogeny of Condensin Subunits
Phylogenic analysis of condensin subunits sheds intriguing light on the evolution of chromosome architecture. All non-SMC subunits of condensin I are highly conserved from yeast to humans, with notable exceptions of the nematodes Caenorhabditis elegans and C. briggsae (Table 1) . The non-SMC subunits of condensin II are found in plants and vertebrates, but not in yeast or other fungi such as Aspergillus nidulans and Neurospora crassa. While it is tempting to speculate that condensin II has evolved to provide large chromosomes with an additional level of organization (Figure 2A and B) , the genome size of an organism is not always a good indicator to predict whether it possesses condensin II or not. For example, all condensin II genes were found in the genome of the unicellular red algae Cyanidioschyzon merolae (Table 1) [16] : this compact genome is only 16.5 Mb, a similar size to that of the yeast Saccharomyces cerevisiae.
The apparent loss of condensin I in C. elegans and C. briggsae is puzzling, but may be related to their unique, holocentric chromosome structure ( Figure  2C ) [17, 18] . Alternatively, an ancient condensin I complex may have lost its mitotic functions during evolution of these nematodes and been modified and adapted to execute a specialized function in the dosage compensation that equalizes expression of Xlinked genes in the two sexes [19] . The core of the dosage compensation complex (DCC) is composed of the SMC2 ortholog MIX-1 and an SMC4 variant (DPY-27) that is unique to the worm. The complex also contains two non-SMC subunits, DPY-28 and DPY-26, which have limited similarities to the CAP-D2 and CAP-H subunits of condensin I, respectively (Figure 1B,iii; Table 1 ).
Finally, it is important to note that even bacterial cells have condensin-like complexes. In Bacillus subtilis, for example, an SMC homodimer associates with two non-SMC subunits, ScpA and ScpB, and participates in [14] : it requires the non-SMC subunits and their phosphorylation by the master mitotic kinase cyclin B-Cdk1 [25,27]. A similar activity has been detected in a condensin fraction purified from C. elegans embryos, which is predicted to be composed of condensin II [18] . Most recently, a single-DNA-molecule nanomanipulation technique using magnetic tweezers has shown that condensin I is able to physically compact DNA in an ATP-hydrolysis-dependent manner [28] . The compaction reaction occurs in a highly dynamic and reversible fashion, possibly involving a looping mechanism. It remains to be clarified how this activity detected in the single-DNA-molecule assay is mechanistically related with the supercoiling activity revealed by the bulk biochemical assays. It will also be important to determine whether a single condensin complex is capable of mediating these reactions or whether cooperative interactions of multiple condensin complexes may be essential. . Moreover, no supercoiling activity has been detected so far in these bacterial SMC or Muk protein complexes. Thus, it is likely that the action of the bacterial counterparts is related, but not identical, to that of the eukaryotic condensin complexes; nevertheless, the simple composition and ease of purification of the former will continue to make great contributions to unveiling the dynamic behavior of SMC proteins.
Cell-Cycle Regulation of Condensins
Spatial and temporal distribution of the condensin subunits during the cell cycle appears to vary among different eukaryotes. For example, they are constitutively Current Biology R267 
II-specific

Condensins and Meiotic Chromosome Functions
Given the fundamental functions of condensins in mitotic chromosome assembly and segregation, it is not surprising to find that condensins also play crucial roles in the structural and functional organization of meiotic chromosomes. In S. cerevisiae, condensin subunits localize to the axial core of pachytene chromosomes and contribute to their axial compaction and individualization [69] . Chromosomal localization of Zip1, a component of the central element, is severely disturbed in condensin mutants, resulting in improper assembly of the synaptonemal complex. As a consequence, homologue pairing and processing of double-strand breaks are perturbed in these mutant cells. Evidence is also available that condensin is required for the resolution of recombination-dependent linkages between homologues in meiosis I and perhaps for the segregation of sister chromatids in meiosis II as well.
A requirement for condensin function in both meiosis I and meiosis II is consistent with results from Arabidopsis [70] and C. elegans [60]. Unlike in S. cerevisiae, in C. elegans the condensin subunits associate with chromosomes only after the exit from pachytene, and restructure them in preparation for the subsequent two meiotic divisions. The difference may be explained by the fact that S. cerevisiae has condensin I alone, whereas C. elegans contains condensin II only. However, the non-SMC components of the dosage compensation complex in C. elegans are also required for meiotic (but not mitotic) chromosome segregation [71] , providing an additional level of complexity to this problem. In vertebrates and plants, it will be of great importance to determine whether condensins I and II are subjected to different, temporal and spatial regulation during meiosis, and whether they play non-overlapping functions in meiotic chromosome recombination and segregation.
As has been demonstrated in previous studies of cohesin [15] , further characterization of condensins during meiosis should not only facilitate our understanding of their meiosis-specific functions but also provide deeper insights into their basic functions during mitosis. It will be of particular interest to elucidate the mechanism of condensin's action in resolving the recombination-dependent linkages of meiosis I chromosomes [69] , which may also occur during mitosis at repetitive loci such as rDNA and telomeres [67, 72] . By analogy to cohesin [73] [74] [75] , condensins could also use a unique set of subunits to execute their specialized functions in meiotic cells. Although no such candidates have been found so far by bioinformatic approaches, this may not be surprising because even the similarity between the non-SMC subunits of condensins I and II is very limited [3] . A combination of genetics and biochemistry may yet identify meiosis-specific condensin subunits.
Condensins, Gene Regulation and Genome Stability
Accumulating lines of evidence suggest that condensins have important functions in chromosome regulation outside mitosis and meiosis. In S. cerevisiae, transcriptional silencing is altered in a locusspecific manner in condensin mutants [31]. For example, silencing is enhanced at the rDNA locus but reduced at telomeres, and this change is accompanied by relocalization of the silencing factor Sir2 from telomeres to the rDNA arrays [76] . In S. pombe, a condensin mutant displays hypersensitivity to a treatment that slows down DNA replication and fails to activate the checkpoint kinase Cds1/Chk2 under such a condition [77] . In Drosophila, condensin function is required for transcriptional repression in centromereproximal heterochromatin [36], and its mutation exacerbates the 'rough eye' phenotype that is induced by overexpression of the centromere-specific histone variant CENP-A [37]. Although global defects in chromatin structure may be sufficient to account for these diverse phenotypes observed in the condensin mutants, more specific involvement of condensin subunits in each event cannot be excluded. In vertebrates, potential contribution of condensin II to the structural and functional organization of interphase chromatin remains to be explored.
An elegant series of genetic and biochemical studies [19] has revealed that a condensin-like complex regulates dosage compensation in C. elegans. The dosage compensation complex (DCC) is likely to be the outcome of an evolutionary adaptation that arose to mediate chromosome-wide gene repression in the nematode. A crucial question is how the DCC is specifically targeted to both X chromosomes in XX animals and reduces the level of transcripts by half. Recent work [78] has identified cis-acting DNA elements that recruit this complex to the X chromosome and facilitate its spreading along the entire length of the chromosome. Intriguingly, the same complex is also targeted to the sex-determining autosomal gene her-1 and represses its transcription >20-fold [79] . It is not known how the DCC is able to support the two different modes of gene repression: the two-fold chromosome-wide repression and twenty-fold gene-specific repression.
Might any of the non-mitotic functions of condensins be linked to human diseases in the future? Given their fundamental functions in chromosome segregation, it is not surprising to find that serendipitous knocking-out of the gene encoding the CAP-G2 subunit caused embryonic lethality in mice [80] . Recent studies, however, show that haploinsufficiency of a cohesin regulator (NIPBL/Nipped-B/Scc2) causes Cornelia de Lange syndrome, a human disease characterized by multiple developmental defects [81, 82] . Cases may therefore be found in which hypomorphic mutations in condensin subunits (or their regulators) causes specific developmental defects in mammals. One intriguing example is premature chromosome condensation (PCC) syndrome in humans, where the gene responsible was found to be allelic to one of the genes mutated in microcephaly, an autosomal development disorder characterized by a marked reduction in brain size [83] . In mutant cells derived from PCC patients, a large fraction of G2 cells displays an abnormal 'prophase-like' morphology of chromosomes, although subsequent segregation is apparently normal. It will be of interest to determine whether condensin function may be prematurely activated in these mutant cells.
Future Directions
Since the initial discovery of their subunits a decade ago, condensin complexes have gained much attention in the field. Although the characterization of condensins through a wide variety of approaches has greatly enriched our understanding of chromosome architecture and dynamics, a number of fundamental questions remain to be answered. One of the important goals is to fully elucidate the molecular action of condensins. How does the two-armed structure of condensins support their dynamic interactions with DNA and chromatin fibers in vitro? How different is the action of condensins from that of cohesin [84] ? Such information will be essential to fill the gap that currently exists between the biochemistry and cell biology of condensins. Mechanistically, how do condensins participate in determining and maintaining the shape of metaphase chromosomes? Do any other factors essential for this process remain to be discovered?
It has become increasingly clear that the fundamental roles of condensins in chromosome organization and dynamics range far beyond the condensation of mitotic chromosomes. Perhaps one of the most exciting areas in the future is to address potential involvement of condensins in epigenetic phenomena. Moreover, the identification of condensin II has provided us with an excellent opportunity to address the evolution and developmental regulation of chromosome architecture from a completely new perspective. It is anticipated that the structural and functional characterization of condensins will continue to provide new and surprising insights into chromosome biology and beyond.
